Background/Aims: Perinatal exposure to infections during critical developmental periods is a promising area of study in autism spectrum disorder (ASD). Epidemiological data has highlighted this relationship, pointing out significant correlations between perinatal exposure to pathogens and the occurrence of ASD. The aim of this review is to critically examine the present state of the art on intracellular pathogenic infection during pregnancy and postnatally, pointing out possible correlations with the development of ASD. Methods: We reviewed and collected studies concerning potential associations between intracellular pathogens like viral, bacterial, and parasite infection and the risk of ASD. Results: We included 14 publications, considering bacterial and/or viral infection that demonstrated the potential to trigger ASD. Nine case-control studies were included and 5 of them reported an association between infections and ASD. One of the 2 cohorts investigated demonstrated that maternal infection increased the risk of ASD in the offspring. Three crosssectional studies demonstrated that ASD patients presented with chronic infections and active neuroinflammatory processes. Most of the reports suggest inflammatory response as a common factor, and interleukin 6 appears to be a keyplayer in this process. Conclusion: The immune responses generated by organisms that cause perinatal maternal infec-
Introduction
Autism spectrum disorder (ASD) is a group of heterogeneous, neurodevelopmental, pathological conditions characterized by deficits in social interactions and repetitive patterns of behaviors and interests [1] . The number of reported ASD cases has recently increased to reach the alarming level of 1 in 68 children in the USA, with a 50-fold increase in reported cases between 1975 and 2012 [2] .
The precise etiology of ASD remains unknown, albeit a contribution of several genetic and environmental factors is now acknowledged [3] . Accordingly, potential important contributors to ASD risk may include an underlying immune dysfunction reflected by a proinflammatory status, possibly induced by maternal infections during the perinatal period [4] . Interestingly, this condition has been observed repeatedly, together with interindividual immunogenetically driven susceptibility such as human leukocyte antigen (HLA) genes/haplotypes and genetic variants that disrupt MET transcription [5] [6] [7] . In line with this, altered cellular immunity and an altered cytotoxic function of natural killer (NK) cells have been reported in subjects with ASD (aged 16-18 years); both possibly confer broadly inefficient anti-infectious responses against potential ASD-linked intracellular pathogens [8] [9] [10] .
Prenatal maternal infections, such as influenza, rubella, Herpes simplex virus (HSV), and measles as well as infection by bacterial pathogens, such as Mycoplasma ssp., Chlamydia pneumoniae, and Borrelia burgdorferi, have been studied and associated with the development of ASD [11] [12] [13] [14] .
Compared to children with typical development, those with ASD (adjusted odds ratio [aOR] 7.92; 95% confidence interval [CI] 4.89-12.85) are more likely to have at least 1 frequent gastrointestinal symptom [15] . The communication between gut microbiota and blood-brain barrier (BBB) is initiated during gestation and propagated throughout life and increased BBB permeability is associated with a reduced expression of tight-junction proteins [16] .
Immunological anomalies involving cytokines (interleukin [IL]-1R, IL-6, IL-8, IL-10, and IL-17), immunoglobulins, inflammation, and cellular activation have also been noted in individuals with autism [17] [18] [19] . Individuals with ASD demonstrate active inflammation in the central nervous system (CNS); a proinflammatory profile in postmortem brains of people diagnosed with ASD indicated elevated cytokines and activated neuroglial responses [20, 21] , suggesting that future therapies such as manipulating cytokine secretion during pregnancy can prevent the development of abnormal behaviors in offspring [22] . The detection of ASD markers can lead to the identification of more targeted treatments for autism-related symptoms [23] .
Considering the burden of the disease, its impact on patients and families, and the already existing research observations, a deeper understanding of the pathophysiological mechanisms of ASD is imperatively needed.
This work offers a detailed up-to-date review of the literature investigating the involvement of intracellular infectious pathogens in ASD. It also generates a putative pathophysiological mechanism that could explain the observed association between infections and ASD.
Methods
We reviewed and collected studies concerning potential associations between intracellular pathogens like viral, bacterial, and parasite infection and the risk of ASD. To identify relevant studies, we searched the PubMed, EMBASE, SCOPUS, and ISI Web of Science databases. Keywords utilized included "autism," "autistic," "ASD," "Asperger's" in combinations with the terms "intracellular pathogens," "bacteria," "Borrelia burgdorferi," "viruses," "Chlamydia sp.," "Mycoplasma ssp.," "Bartonella," "HHV6," "bacteria" and "Toxoplasma gondii." The reference lists from identified studies were also hand-searched for any additional studies. Review articles, hypothesis papers, and Letters to the Editor that did not present unique or new data were excluded. This review included original articles in humans related to case-controls, cohorts, and cross-sectional studies. Software IntAct View v4.1.4 was used to design the IL-6 interactome.
Results
For this review, 14 publications were included; 9 casecontrol studies (Table 1), 2 cohorts (Table 2) , and 3 crosssectional studies (Table 3) were analyzed, as described below.
Infections during Pregnancy
To examine the association between ASD and infections, 1 case-control study was performed using data and blood samples from the Danish historic birth cohort (HBC) [24] . They analyzed 4 predefined time periods to compare groups: (1) infections during pregnancy; (2) infections during the first month after birth; (3) infections during the first year after birth; (4) infections until the end of follow-up. The infections were examined in 2 subcategories: viral and bacterial. The study population included 414 ASD cases and 820 controls matched for gender and year of birth. The prevalence of infections was Control subjects = 40, ASD subjects = 40. Blood samples were used, and the antigens were analyzed by ELISA. All antigens tested were significantly increased in ASD, p < 0.001. [24] To investigate the association between infection and ASD during 4 pre-defined time periods utilizing a Danish historic birth cohort (HBC)
Control subjects = 820, ASD subjects = 414. This study used blood samples from HBC and data from Danish nation-wide health registers; the prevalence of diagnosed infections was higher in the ASD cases during all 4 follow-up periods. ASD was associated with a higher risk of hospital admittance due to infection during the first year of life (p = 0.02) and at the end of the follow-up period (p = 0.03). Bacterial infections at the end of the follow-up period were slightly less prevalent in ASD cases than in controls (OR 0.84, p = 0.31).
[30]
To compare the exposure rate and titer of antibodies to Varicella zoster virus (VZV)
Control subjects = 46, ASD subjects = 54. The exposure rate and titer of anti-VZV antibodies were significantly higher in children with ASD compared to controls (59 vs. 39% and 694 vs. 94 mIU/mL, respectively, p = 0.045).
[ 25] To investigate the association between infections in the first 2 years of life and a subsequent diagnosis of ASD Control subjects = 2,100, ASD subjects = 403. A significant case-control difference occurred in the first 30 days of life, during which time a significantly greater proportion of children later identified with ASD were diagnosed with an infection (22.6 vs. 18.7%; p = 0.03; aOR 1.4; 95% CI 1.1-1.7).
[31]
To evaluate the seropositivity rate and antibody level of HSV1 and HSV2 in children with ASD vs. same-aged healthy controls
Control subjects = 46, ASD subjects = 54. Seropositivity rate and levels of anti-HSV1/2 were similar in cases and controls; exposure to HSV2 was minimal.
[32]
To evaluate seropositivity rate and levels of antibodies to HHV6 and HHV8 in children with ASD vs. controls
Control subjects = 28, ASD subjects = 30. Seropositivity rate and the levels of the 2 antibodies were similar in cases and controls. Seropositivity rate and levels of antibodies were not correlated with disease severity in children with ASD.
Abib/Gaman/Dargél/Tamouza/ Kapczinski/Gottfried/Leboyer higher in the ASD cases during all follow-up periods, but significantly higher during the last 2 follow-up periods. ASD was associated with a higher risk of hospital admittance due to infection during the first year of life (OR 1.48, p = 0.02), and at the end of follow-up (OR 1.3, p = 0.03). Bacterial infections at the end of follow-up were slightly less prevalent in the ASD cases than in the controls (OR 0.84, p = 0.31).
With a similar purpose, another case-control study was performed on children born at Kaiser Permanente, Oakland, CA, USA, from 1995 to 1999 (403 ASD cases and 2,100 controls were included) [25] . General infections diagnosed in the first 2 years of life were recorded slightly less often in children with autism than in control children (95.0 vs. 97.5%) but this was not significant. However, a case-control difference occurred in the first 30 days of life, during which time a significantly greater proportion of children later identified with ASD were diagnosed with an infection (22.6 vs. 18.7%; p = 0.03; aOR
To investigate the association between hospitalization for infection in the peri-/neonatal period or childhood [11] To evaluate the association between hospitalization for infection in the perinatal period or childhood and ASD ASD subjects: 7,379 children (total 1,418,152). Children admitted to hospital for any infectious disease displayed an increased rate of ASD diagnoses, this association was found to be similar for infectious disease of bacterial and viral origin (HR 1.38). Children admitted to the hospital for noninfectious disease also displayed an increase rate of ASD diagnoses (HR 1.76).
[26]
To evaluate the prevalence of common infections, febrile episodes, and use of antibiotics reported by the mother during pregnancy, and the risk for ASD and infantile autism in the offspring ASD subjects: 976 (from a total of 96,736).
Conducted by self-reported telephone interview; maternal influenza infection was associated with a 2-fold increased risk of infantile autism, prolonged episodes of fever caused a 3-fold increased risk of infantile autism, and the use of various antibiotics during pregnancy was a potential risk factor for ASD/infantile autism.
No association was described between specific types of self-reported common infection during pregnancy and ASD in the offspring, and there was no increased risk for ASD after common infections in specific trimesters. and a diagnosis of ASD, 2 population-based cohort studies from Denmark were included in this review. The first aimed to investigate the association between hospitalization for infection in the peri-/neonatal period or childhood and the diagnosis of ASD [11] . A total of 7,379 children were diagnosed as having ASD. Children admitted to the hospital for any infectious disease displayed an increased rate of ASD diagnoses. This association was found to be similar for infectious diseases with a bacterial or viral origin (hazard ratio [HR] 1.38; 95% CI 1.31-1.45). Children admitted to the hospital for noninfectious disease also displayed an increased rate of ASD diagnosis (HR 1.76; 95% CI 1.68-1.86). The results did not suggest causality because a general association was observed across different infection groups. The second study by the same research group investigated the occurrence of common infections, febrile episodes, the use of antibiotics by the mother during pregnancy, and the risk of ASD [26] . A total of 976 ASD children (1% of the cohort) were analyzed. The results suggest that maternal influenza infection was associated with a 2-fold increased risk of infantile autism, a prolonged episode of fever caused a 3-fold increased risk of infantile autism, and the use of various antibiotics during pregnancy was a potential risk factor for ASD/infantile autism, but the authors emphasize that these data do not suggest a strong risk factor. They observed no association between specific types of self-reported common infection during pregnancy and ASD in the offspring, and no increased risk for ASD after common infections during specific trimesters.
Evidence of Infection with Intracellular Pathogens Found in ASD Patients
One of the case-control studies was conducted in California, USA, and examined the blood of 48 ASD patients and 45 age-matched controls [14] . It showed an important difference in levels of C. pneumoniae (OR 5.6, p < 0.001), Mycoplasma ssp. (OR 13.8, p < 0.01) and Human herpesvirus (HHV)6 (OR 4.5, p < 0.01).
Another study, which analyzed the blood serum of 48 ASD children compared to 34 controls, presented no significant differences between groups: 85% of ASD children and 82% of controls had positive titers of measles antibodies (p = 0.201), and 76% of ASD children versus 61% of controls had positive titers of HHV6 antibody (p = 0.128) [27] . However, the study showed an association between serology and brain autoantibodies in ASD samples, while all controls were negative for these antibodies.
A retrospective, cross-sectional cohort was used to assess the frequency of B. burgdorferi seropositivity in young children with or without ASD from the East Coast and the Midwest, USA [28] . The serum samples were tested using a quantitative luciferase immunoprecipitation system for detecting B. burgdorferi antibodies. A total of 104 ASD subjects, 24 developmentally delayed, and 55 typically developing children were analyzed. The antibody levels in all children were below the cut-off value of 10,000 LU, indicating no evidence of B. burgdorferi infection in children with and without ASD.
To assess the presence of several neurotropic viruses, including HSV1, HSV2, and HHV6, 1 study examined postmortem brains of 15 ASD patients and 13 controls, using nested polymerase chain reaction (PCR) followed by DNA sequence analysis. Polyomaviruses represented the only viral species significantly more presented in the tissues of ASD subjects than controls (67 vs. 23%, p < 0.05). However, HSV1, HSV2, and HHV6 were found in ≤3 cases and/or controls, with no differences in incidence [29] .
Three studies by the same group from Italy were included in this review. They compared the prevalence and the titer of anti-Varicella zoster virus (VZV) antibodies in 54 ASD children and 35 controls [30] . The mean age was 6.1 (±2.5) years for cases and 5.9 (±2.8) years for controls. They found that exposure rate and titer of anti-VZV antibodies were significantly higher in children with ASD cases than in controls (59 vs. 39% and 694 vs. 94 mlU/mL, respectively, p = 0.045). In another study, they compared the seropositivity rate and levels of IgG antibodies to HSV1 and HSV2 in blood samples from 54 ASD patients and 46 controls, using an indirect chemioluminescence immunoassay [31] . The mean age was 6.1 (±2.5) years for cases and 5.9 (±2.8) years for controls. They reported a similar prevalence in the ASD and control groups (total HSV, 29 vs. 21.7%; HSV2, 1.9 vs. 0%, respectively, p = 0.775). They also studied the seropositivity rate and levels of antibodies to HHV6 and HHV8 in 30 ASD children and 28 control individuals. The median age was 5.83 years for cases and 5.88 for controls. No significative differences were found in the seropositivity rate and levels of antibodies (p = 0.798) to HHV6 and HHV8 [32] .
An immunological examination was performed on the blood samples of 40 ASD patients (3-12 years of age) and 40 age-and sex-matched controls. Enzyme-linked immunosorbent assay (ELISA) was used for testing IgG, IgM, and IgA antibodies against 9 different neuron-specific antigens, milk and bacterial peptides, including C. pneumoniae, in the sera of subjects. For all antigens tested, the differences between control and ASD were highly significant (p < 0.001), suggesting that these antibodies may DOI: 10.1159/000491821 cross the BBB and combine with brain tissue antigens forming immune complexes, thus further damaging the neurological tissue [33] .
In 2007, a cross-sectional study was conducted to investigate the prevalence of chronic infections in 48 ASD patients. They showed the following prevalence rates: Mycoplasma ssp. 50-60%, HHV6 < 30%, C. pneumoniae < 10%, B. burgdorferi 20-30%, Staphylococcus aureus < 2%, and hepatitis virus < 2% [14] .
To investigate whether immune-mediated mechanisms are involved in the pathogenesis of autism, the brain tissue and cerebrospinal fluid of 11 ASD patients were analyzed by immunocytochemistry, and active neuroinflammatory processes in the cerebral cortex, white matter, and cerebellum of autistic patients were identified [20] .
No clinical studies have specifically linked autism to toxoplasmosis, but there is biological evidence of an association between this infection and the risk of ASD [34] . A link with toxoplasmosis has been relatively well explored in psychiatric studies, especially in schizophrenia and bipolar disorder [35, 36] . However, no clinical study has specifically shown a direct connection between ASD and toxoplasmosis and biological evidence of an association between this parasitic infection and the presence of ASD symptoms is scarce.
Discussion
There are a limited number of published studies on to the association between intracellular pathogens and ASD. We nevertheless found 5 case-control studies that presented an association between infections and ASD [14, 24, 25, 30, 33] .
One of the cohort studies analyzed demonstrated that maternal influenza infection increased ASD risk 2-fold [26] and another showed that children admitted to hospital for any infection displayed an increased rate of ASD diagnosis [11] . The cross-sectional studies demonstrated that ASD patients presented many chronical infections [14] and active neuroinflammatory processes in the cerebral cortex, white matter, and cerebellum [20] .
Variability/controversy regarding results might be explained by small sample groups in some studies, heterogeneous methods, and the design of study protocols. To address the high phenotypic heterogeneity, 1 study suggested a division into clinical subgroups based on symptoms clusters: (1) circadian rhythm abnormalities, (2) circadian rhythm and immunological problems, and (3) stereotypical behaviors, (4) mixed with some more prominent neurodevelopmental abnormalities [37] .
However, all the studies analyzed indicate the inflammatory process as a common key point in response to the infections [8, 20, 33, 38] . The potential role of maternal infections or inflammation during pregnancy in the etiology of autism has been previously reported [8, 11, 38, 39] . The BBB is permeable during fetal development and can be compromised by infections. Individuals with ASD present with increased proinflammatory cytokines in the brain as well as the activation of resident immune cells, such as microglia. Antinuclear antibodies in targeted brain tissues have been described in both children with autism and their mothers [40] .
Proinflammatory cytokines such as IL-1β, IL-6, and tumor necrosis factor (TNF)-α are essential to the inflammatory response; they mediate febrile reactions, activate phagocytic cells, increase vascular permeability, and promote the release of plasma-derived inflammatory mediators [41] . Increased levels of the cytokine IL-6 are suggested to be associated with ASD [42] . An imbalance in the production of inflammatory (IL-1β and IL-6) and contraregulatory (IL-10) cytokines in the monocytes of ASD patients was recently described [43] .
The maternal immune activation (MIA) system raises the level of IL-6, which can bind to gp130, leading to JAK-STAT3 activation, acute-phase protein expression, and downregulation of placental growth hormone production. This signaling cascade reduces insulin-like grow factor. These various changes in endocrine factors likely cause acute placental pathophysiology with subsequent effects on fetal development [8] . The rapid inflammatory responses are mediated via pattern recognition receptors (PRR), expressed particularly by microglia/macrophages. PRR sense pathogen-associated molecules from microorganisms or damage-associated molecular pattern molecules that are released from injured tissue, and activate the intracellular signaling pathways that lead to an expression of inflammatory mediators (cytokines and chemokines) in the CNS and periphery. The most common type of PRR identified in the CNS are toll-like receptors (TLR) [44] .
A recent review suggests that inflammation in utero can lead to preterm labor and has also been strongly associated with adverse neurodevelopmental outcomes. Premature babies have an approximately 4-fold higher risk of developing ASD and are also more vulnerable to infection. Perinatal mast cell activation by infectious, stress-related, environmental, or allergic triggers can lead to the release of proinflammatory and neurotoxic mole- cules, thereby contributing to brain inflammation, at least in a subgroup of ASD patients [45] .
Dietary peptides, bacterial toxins, and xenobiotics bind to lymphocyte receptors and/or tissue enzymes, resulting in autoimmune reactions in children with autism [46] . Bacterial LPS activates TLR-4 on mast cells and induces the selective release of TNF. Mast cells also express viral TLR-3, the activation of which by viral double-stranded RNA induces the release of IL-6 and TNF. Elevated IL-6 gene expression has been noted in the brain of autistic patients. In contrast, the TGF-β1 level is low in ASD patients; this inhibits mast cell function. Mast cell-derived IL-9 induces intestinal permeability and predisposes to oral antigen hypersensitivity in children. It also exacerbates brain toxic lesions in offspring. When mast cells are activated, this may cause a disruption in the BBB via the cytokines, permit neurotoxic molecules to enter the brain, and result in brain inflammation, contributing to ASD pathogenesis [45] .
An experimental study suggested MIA alters fetal brain development through IL-6. In a mouse model, a single maternal injection of IL-6 during pregnancy caused prepulse inhibition and latent inhibition deficits in the adult offspring. IL-6 antibody, that inactivates IL-6, improves autism-like behaviors and normalizes the associated changes in gene expression in the brains of adult offspring [47] .
The precise mechanisms whereby latent or persistent inflammation negatively affects the neurobiological and neurochemical abnormalities relevant to autism are currently the subject of extensive experimental studies. The further elucidation of such mechanisms may lead to the establishment of novel immunomodulatory interventions that could help prevent abnormal brain development and long-term mental illness in subjects with prenatal infectious/inflammatory histories [41] .
IL-6 is a multifunctional cytokine that plays a key role in biological processes, e.g., the inflammatory response to acute and chronic infections, making it a promising candidate for clinical treatment. HHV8, also known as Kaposi sarcoma-associated herpesvirus, encodes a molecule similar to IL-6 called viral IL-6 (VIL-6). VIL-6 is reported to directly bind to gp130 and transmit signals in the absence of IL-6R, and it is widely accepted that it plays a significant role in the pathology of HHV8-associated diseases such as Castleman disease [48] . Related to the interleukin profile, the use of anti-IL-6R therapy could indicate a promising tool to modulate IL-6 signaling and production for treating inflammatory diseases.
IL-6 elevation in the brain promotes an inflammatory response that could be involved in the mediation of autism behaviors by impairment of neuroanatomical structures and neuronal plasticity [49] . The neuroimmune network includes astrocytes and microglia, immune mediators, and other classical immune pathways that play an important role in brain development, and is critical for the process of neuronal migration, axonal growth, neuronal positioning, cortical lamination, as well as dendritic and synapse formation. In this context, defects in neuroimmune factors could be involved in neuropsychiatric disorders [50] . Figure 1 indicates the IL-6 interactome, pointing out important molecules to be further investigated, including IL-6, IL-6R, zinc finger and BTB domain containing 16 (ZBTB16), SH3-domain GRB2-like 2 (SH3GL2), IL-6 signal transducer (IL6ST) and histamine receptor H1 (HRH1). Ligands of the histamine receptor are considered potential therapeutic agents for the treatment of different brain disorders and cognitive impairments, like autism [51] . Among these possible targets described, HRH1 has been associated with the diagnosis of autism in recent research [52] and ZBTB16 was associated with depression [53] . Based on the this review, IL-6 appears to be a key player in the inflammatory process in ASD.
It is important to bear in mind some limitations of this study. First, most of the studies included in this review did not present extensively variable control for many covariates, which raise the concern of residual confounding by unmeasured factors. Second, elevated levels of proinflammatory markers (e.g., IL-6) may not be specific to childhood autism among depressive disorders, since significant levels of IL-5 and IL-6 have been detected in other childhood psychiatric disorders [54] . Furthermore, the use of serotonin reuptake inhibitors, which have been associated with autism when taken during pregnancy [55] , was not associated with increased levels of proinflammatory markers [56] .
In summary, studies including less investigated pathogens like Brucella sp. and Streptococcus sp. are necessary to investigate the prevalence of infections in ASD patients and their mothers during pregnancy. In addition, specific protocols need to be developed to routinely screen infections with the aim of developing preventive strategies and/or more effective treatments.
Concluding Remarks
The immune responses generated by the organisms that cause perinatal maternal infection, i.e., bacteria, viruses, or parasites, have been associated with the development of autism in offspring. The molecular mechanisms involved in the physiological and biochemical changes transmitted from the mother during chronic or acute inflammation should be further investigated in order to develop immunomodulatory preventive measures against ASD.
